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Abstract
An efficient low-carbon system is proposed to meet the heating and cooling demands of rural houses 
in cold regions. Mini-channel solar panels incorporating a novel multiple-throughout-flowing loop are 
used for heat collection, whilst a vapour injection air source heat pump (VI-ASHP) is innovatively 
combined with an underfloor heating and cooling system. To demonstrate the system, a multiple-
throughout-flowing mini-channel solar thermal panel array of 36 m
2
 and a VI-ASHP of 40 kW 
heating capacity have been built and tested. Subsequently, mathematical models of the solar-assisted 
VI-ASHP system are established and compared with the experimental data. Based on the validated 
models, the energetic, economic and environmental performance is investigated under the typical 
weather conditions for a northern Chinese city (Taiyuan). The results indicate that, for a common 
rural house employing the proposed novel system, the proportion of the annual heat requirement, 
cooling load and hot water heating energy provided by solar thermal energy, photovoltaic energy and 
electricity from the power grid is 74.6%, 6.9%, and 18.5% respectively, thus giving a total energy 
supply proportion of 81.5% from solar energy. In addition, compared with a coal-powered system, 
our system has a cost payback period of 6.52 years and a life-cycle net cost saving of 56328.4RMB, 
thus the proposed system provides a greater economic performance. Furthermore, it can save 5tons of 
anthracite coal and reduce carbon emissions by 12.1tons annually. The proposed solar-assisted VI-
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Economic and environmental analysis of a novel rural house heating 
and cooling system using a solar-assisted vapour injection heat pump
ASHP has the potential to fulfil heating and cooling demands whilst reducing carbon emissions in 
northern China.
Keywords: Solar energy; Mini-channel collector; Vapour injection air source heat pump; Underfloor heating 
and cooling; Carbon emission; Payback period
Nomenclature
Area of the solar thermal panels, m
2
;
Area of a single PV panel, m
2
;
Index of the air permeability of outer doors and windows;
Solar radiation cooling load factor;
Comprehensive shielding coefficient of outer window;
Correction factor of the outer shielding device;
Correction factor of the inner shielding device;
Correction factor of the window glass;
Number of people;
Cost of the solar thermal panel, RMB;
Cost of the PV panel, RMB);
Cost of the heat storage and exchange unit, RMB;
Cost of the heat pump, RMB;
Additional cost of the system, RMB;
Specific heat capacity, J/(kg
.
K);
Coefficient of performance for winter heating;
Initial capital cost, RMB;
Renewable Heat Incentive (RHI) scheme, RMB;
Cost of operation, RMB;
Cost of maintenance, RMB;
Life-cycle net cost saving, RMB;
Maximum index of the local solar radiation passing a glass in summer, W/m
2
;
Energy efficiency ratio for summer cooling;
Outer window area, m
2
;
Heat transfer rate of the served house envelope, W/(m
2.
K);
Solar thermal radiation, kW/m
2
;
Cold air infiltration volume per hour, m
3
/h;
Cold air infiltration volume per hour per meter, m
3
/(h·m);
Length of the outer windows and doors, m;
Mass flow rate of the working fluid (kg/s);
Consumed standard coal by a coal-powered heating system, kg;
Air contaminations generated by systems, kg;
Air contaminations generated by using per unit fuel, kg;
Number of the PV panels;
Nominal operating cell temperature;
Cost payback period;
Power of water pump, kW;
Heating load of house envelops, kWh;
Heating load of house cold air infiltration, kWh;
Cooling load of the served house, kWh;
Cooling load of house envelops, kWh;
Cooling load generated by solar radiation, kWh;
Cooling load generated by body heat dissipation, kWh;
Heating load of the served house, kWh;
Collected solar thermal energy, kWh;
Maximum cooling load generated by one person, W/person;
Electricity generation by PV panels, kWh;
Electricity consumed by heat pump for winter heating, kWh;
Electricity consumed by heat pump for summer cooling, kWh;
Heating capacity of the heat pump, kWh;
Cooling capacity of the heat pump, kWh;
Heat deficit provided by heat pump, kWh;
Electricity consumed by water pump, kWh;




Setting room temperature during heating season, °C;
Setting room temperature during cooling season, °C;
Ambient temperature, °C;
Inlet temperature of individual solar thermal panel, °C;
Working temperature of the panel, °C;
Reference temperature, 25 °C;
Temperature difference between  and , °C;
Temperature of the i node along the multiple-throughout-flowing panel array, °C;
Temperature of heating water, °C;
Local average wind velocity in the winter, m/s;
Power of the heat pump, kW;
coefficient of air permeability of outer doors and windows, m
3
/(m·h·Pa);




Overall solar thermal efficiency of the mini-channel solar thermal panel-array;
solar thermal efficiency of a individual mini-channel solar thermal panel;
Solar thermal efficiency of the i solar thermal panel;
Initial electrical efficiency at reference temperature, 25 °C;
Photoelectric efficiency;
Efficiency of a coal-powered heating system;
Solar collectors operation time, h;
Electricity generation time, h;















Energy consumption for space heating [1] and hot water [2] accounts for the majority of total building energy 
consumption in the north of China, and so far most of the rural houses have been using coal as the main energy 
source for cooking, space heating and hot water supplying. This has caused severe fossil fuel shortage and 
environmental pollution including a high level of harmful dust, PM2.5 concentration, greenhouse gas, CO
2
 and 




 [3]. The summer in most areas of northern China is hot and an ambient 
temperature above 30 °C is common. The demand for cooling in rural houses is growing with the improvements 
in people’s living standards.
The development of solar technology during recent years has brought revolutionary advances to existing energy 
systems. Recently, the mini-channel solar thermal collector has been widely investigated. The mini-channel is an 
aluminium tube with a size of about 1﹣4 mm, which has been used to improve the performance of solar thermal 
collectors in recent years [4]. Compared to the conventional copper tube flat-plate panels, the smaller interior 
space of the mini-channels provides a superior performance on many aspects, i.e. higher heat transfer rate and 
flow velocity, enhanced solar efficiencies [5], lower convective heat loss and lower cost [6]. Li et al. conducted a 
simulative and experimental study on mini-channel heat pipe under different evaporator temperatures and tilt 
angles. The useful results were achieved for the system design, optimization, and installation [7]. Deng et al. 
studied the performance of a solar-powered hot water system with a mini-channel-heat-pipe array, showing that 
the annual average system efficiency was 58.29% [8]. As a result, employing a mini-channel solar thermal panel 
could improve the amount of heat collection and reduce the cost of the system [9]. Notably, there are three 
desirable characteristics of northern Chinese rural houses for the utilization of solar energy systems: (1) a large 
flat roof area for the solar panels installation [10]; (2) rich solar resources throughout the year [11]; and (3) high 
residential density of large energy demand and low network energy loss. As a result, the potential to utilize solar 
energy systems in rural areas is larger than in urban buildings. Furthermore, solar energy systems can 
significantly reduce the local air pollution.
In addition to the solar technology, the air source heat pump (ASHP) is recognized as an energy-saving approach 
and has been widely used for space heating and hot water supply in central and northern China [12]. However, 
with a single-stage compression cycle, the conventional ASHP cannot operate efficiently and steadily in low 
ambient temperatures [13], due to the low coefficient of performance (COP) and frost formation [14]. The 
drawbacks of conventional ASHPs have been investigated by many researchers [15,16]. To further address the 
problems associated with conventional ASHPs, the vapour injection (VI) technique is attracting increasing 
interest [17]. Wang et al. investigated a two-stage air-source heat pump with a flash tank cycle to optimise the 
intermediate pressure with a real-time optimization method that can retain the use of saturated vapor for the 
injection line [18]. The capacity and COP of the VI compressor are significantly higher compared to that of the 
conventional compressors, especially at extremely low ambient temperatures [19]. The reason for the 
performance improvement lies in the enthalpy difference across the evaporator, which is larger with the two-
stage expansion [19]. In addition to the remarkable improvement in heating mode, VI also provides significant 
improvements and enhanced cooling capacity when applied to air conditioning systems [20]. The advantages of 
VI technique have been validated by a commercialised system, elsewhere [21].
When it comes to the integration of the solar and heat pump systems in houses, hydronic radiant heating and 
cooling systems have become quite mature [22]. The underfloor heating system can be an efficient alternative to 
other more common forms of heating [23]. It conserves living and working space as it is integrated into the 
building structure. Furthermore, it can reduce the energy needed for seasonal heating by 18% [24] and improve 
the thermal comfort conditions inside the building [25]. Due to a lower exergy destruction by higher supply 
temperatures, radiant cooling systems enable more gains [26]. In particular, using the radiant cooling systems in 
northern China can efficiently reduce the condensation on floor surfaces thanks to the low air humidity.
So far, very few studies on the hybrid solar and VI-ASHP systems have been reported. Chen et al. [27] proposed 
a new direct-expansion solar-assisted VI-ASHP cycle with a sub-cooler for a water heater. The results showed 
that the new technology provided an average of 14.6% and 42.9% improvement in the COP and capacity, 
compared with the conventional technology. Lu et al. [28] investigated the solar photovoltaic/thermal heat pump 




 of the PVT-VIASHP system 
were 3.27 and 3.45, respectively.
However, previous studies on solar-assisted VI-ASHP were focused on the heating performance, and the tests 
were conducted on a laboratory scale. The technology demonstration has yet to be implemented. To meet the 
heating and cooling demands and reduce carbon emissions in rural houses in northern China, this paper proposes 
a novel solar-assisted heat pump system. Mini-channel solar collectors are used for heat collection and a vapour 
injection air source heat pump (VI-ASHP) is incorporated with an underfloor heating and cooling system. 
Moreover, PV panels are employed to provide electricity for the system. An economic and environmental 
investigation of the system is carried out. The novelty and contributions of the current work include:
(1) It is the first time that mini-channel solar thermal panels have been combined with VI-ASHP, thus 
forming a novel solar-assisted VI-ASHP system. The proposed system is further incorporated 
with an underfloor heating and cooling unit to satisfy the residents' annual energy needs.
(2) Not only the heat supply but also cooling performance and hot water supply of the system are 
simulated. VI-ASHP is attracting increasing interest in cold regions and studies on its 
performance in heating mode have been conducted. Its potential in underfloor cooling 
applications is rarely explored.
(3) The demonstrative system is constructed and presented. 18 mini-channel solar panels with a 
combined aperture area of 36 m2 have been demonstrated and tested in the multiple-throughout-
flowing connection method in northern China. Unlike conventional solar panels, which are 
connected either in series or in parallel and normally have one inlet and outlet, the panels here are 
connected in a novel multiple-throughout-flowing manner. In addition, the demonstrative VI-
ASHP system of heating capacity of about 40 kW has also been developed in northern China, 
providing valuable experimental results.
2 System description
The schematic of the novel solar-assisted VI-ASHP space heating, cooling and hot water supply system is 
shown in Fig. 1. The system is designed to meet the energy demand of a 100 m2 rural house in northern China. 
It is comprised of: (1) one multiple-throughout-flowing panel array with 8 mini-channel solar thermal panels; (2) 
a dedicated PV panel array which can earn a profit, thus reducing the operational cost and fossil fuel 
consumption; (3) a heat storage and exchange unit (HSEU) that stores excess solar heat when the collected heat 
is greater than the heat demand of the building, and discharges heat into the served house when needed; (4) a VI-
ASHP as a heating device in winter to provide space heating when solar energy and stored energy cannot meet 
the heat demand, and as a cooling device in summer.
The technical specifications of the system’s individual components are presented in Table 1. The control scheme 
of the proposed system for the heating process is divided into three main steps: (1) When the solar loop fluid 
Fig. 1
Schematic of the mini-channel solar-powered VI-ASHP system.
temperature is higher than the water tank temperature, the water pump on the solar loop operates to transfer the 
collected heat, as shown in Fig. 2(a); (2) When the water tank temperature is higher than 40 °C, it can facilitate 
space heating, as shown in Fig. 2(b); (3) When the solar energy and the stored energy are not enough for space 
heating, the VI-ASHP operates to meet the heating load, which is shown in Fig. 2(c);
The processes for domestic hot water supply and cooling are relatively simple. For domestic hot water, when the 
water tank temperature rises to 50 °C, hot water can be supplied by opening the hot water tap directly. For the 
cooling process, the VI-ASHP can exchange the circular route between the evaporator and condenser by using a 
four-way reversing valve and hence supply cooling directly through the under-floor coil, as shown in Fig. 3.
Table 1
Technical specifications for the components of the system.
Name Size Number Technical index
PV panels 1 m × 2 m 4 Crystalline silicon solar cells
Solar thermal panels 1 m × 2 m 8 Mini-channels
VI-ASHP 1.5 m × 0.5 m × 1 m 1
Nominal condition heating output: 
12000 W
Heat storage and exchange 
unit
Diameter: 1.19 m, Height: 
1.38 m
1 Volume: 1.5 m3
Under floor coil Diameter: 16 mm 300 m Material: PE-X
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
Fig. 2
Heating process of the proposed system.
Consequently, the proposed system can provide space heating, cooling and hot water with low electricity 
consumption and reduced electricity cost. Several indexes, including the systems energy consumption, systems 
cost, cost payback period and contaminant generation are employed to evaluate the performance of the system 
relative to coal-powered systems. The heating, cooling and hot water supply processes of the two systems are 
shown in Fig. 4. To provide a reference point for comparison, the performance of a conventional coal-based 
system is also analysed.
3 Mathematical models
The corresponding initial and boundary conditions, i.e. solar radiation, air temperature, wind speed and water 
temperature were extracted from the weather database by using Energy-Plus software (537720_CSWD) for 
Taiyuan[29]. During the operation of the model, it is assumed that the system works 24 h every day, and the heat 
pump operates at a condensation temperature of 50  °C for space heating in winter and an evaporation 
temperature of 10 °C for cooling in summer. The installation angles of solar PV and thermal panels are the same 
as the local altitude in the city. The economic figures, such as capital cost, renewable feed-in tariffs, system life 
span and air contaminant emission factors are also input into the program for calculation. The algorithm is 
presented in a flow diagram in Fig. 5, as explained below:
(1) Input the design/operating parameters of the models for the solar thermal panel array, PV panels, 
house and VI-ASHP into program code.
Fig. 3
Cooling process of the proposed system.
Fig. 4
The heat generation processes of the systems.
(2) Input the external boundary conditions from the weather data file, and divide the weather date 
into 262,800 parts throughout the year, thus giving a time step of 120 s. The calculation begins 
with the first weather data (t = 1).
(3) Calculate the heating and cooling load, heat collected from the solar panel array, heat deficit, and 
electricity generated by the PV panels.
(4) Calculate the electricity consumption of the system.
(5) Move to the next step (t = t + 120) and repeat the calculation until t = 262800.
(6) Carry out an energetic performance analysis of two systems.
(7) Carry out an economic and environmental performance analysis of two systems.
(8) Program stops.
3.1 Heating and cooling load of the served house
The heating load of the served house in winter is mainly dependent on the difference between the room 
temperature (set at 16 °C) and the ambient temperature. It can be calculated based on the local weather data 
(Taiyuan city, Shanxi province).
The equation for the heating load can be given as:
In Eq. (1), the heating load of house envelops  can be expressed as:
Fig. 5
The calculation process of the model.
(1)
In order to take solar radiation as an impact factor, the orientation correction coefficients are integrated into the 
heat load calculation. In Eq.2, , ,  and  are the coefficients of the house envelops orientation 
correction facing east, west, south and north separately, and the values of which are −5%, −5%, −15% and 5% 
respectively [30]. , ,  and  stand for the envelopes area facing corresponding direction, m
2
. In 
addition, the heating load of house cold air infiltration  can be expressed as:
In Eq.3, the cold air infiltration volume per hour  can be expressed as:
In Eq.4, the cold air infiltration volume per hour per meter  can be expressed as:
In Eq.5,  is the coefficient of air permeability of outer doors and windows, m
3
/(m·h·Pa), the value of which 
can take 0.15 for residential building.  is the local average wind velocity in the winter, m/s, the value of which 
can take 3.4 for Taiyuan city.  is the index of the air permeability of outer doors and windows, the value of 
which can take 0.67 for residential buildings [30].
The cooling load of the served house in summer is mainly determined by the difference between the room 
temperature (set at 24 °C) and the ambient temperature. It can be calculated by:
In Eq.6, the house envelops cooling load  can be expressed as:







In Eq.8,  is the solar radiation cooling load factor. The value of  is determined by the orientation and the 
time and can be obtained from a local building design standard, GB 50736–2012.  is the maximum index 
of the local solar radiation passing a glass in summer, which is 570 for Taiyuan city. The comprehensive 
shielding coefficient of the outer window  can be expressed as:
In Eq.9,  is the outer shielding device correction factor,  is the inner shielding device correction factor,  is 
the window glass correction factor. For the normal residential building with double-layer glass,  0.95 is  is 
0.9, and  is 1.
In Eq.6, the inner cooling load generated by body heat dissipation  can be expressed as:
In Eq.10,  is the number of people.  is the clustering coefficient. is the maximum body heat 
dissipation generated by one person, W.
3.2 Collected solar energy by PV and solar thermal collectors
The collected energy from the solar system is divided into two parts, i.e. solar heat from the mini-channel panel 
array and electricity generated by the PV panels.
3.2.1 Collected solar thermal energy by mini-channel solar thermal panel array
The solar thermal energy output from the solar thermal panel array during the heating season can be expressed 
as:
In the simulation, 8 thermal panels are connected in a multiple-throughout-flowing loop. The solar thermal 






For each individual panel in a multiple-throughout-flowing configuration, the solar thermal efficiency is given by 
[9]:










3.2.2 Electricity generation by PV panels
The electricity generated by a PV panel can be expressed as[31]:
The photoelectric efficiency of the PV panel can be expressed as:
The temperature of the PV cell can be expressed as:
3.3 Energy consumption of the systems
3.3.0.1 Electricity consumption of the VI-ASHP
The electricity consumed by the VI-ASHP for winter heating can be expressed as[32]:
 is the heat deficit of the system, which can be expressed as:
The electricity consumed by the VI-ASHP for summer cooling can be expressed as[32]:
Cooperating with the mini-channel solar thermal panel array, a VI-ASHP is applied to provide heating in winter 







summer cooling ( ) are modelled based on the performance of a commercialised VI-ASHP by Emerson 
Electric Co. [33].  can be expressed as:
 can be expressed as[34]:
In winter the VI-ASHP operates at a condensation temperature of 50  °C for space heating. Within the 
evaporator, the temperature difference between ambient air and exhaust air is 5 °C. Similarly, the temperature 
difference between the exhaust air and the evaporation temperature is also 5  °C, leading to a temperature 
difference between ambient temperature and evaporation temperature of refrigerant of 10 °C. The performance 
of the VI-ASHP for heating is shown in Fig. 6. According to the performance curve, the relationship between 
ambient temperature and COP can be expressed as:
In summer, the VI-ASHP operates in cooling mode, in which the evaporation temperature is set to 10 °C for 
cooling. Similarly, with the heating mode, the temperature difference between the ambient air and condensation 





The COP of the VI-ASHP in heating.
According to the performance curve, the relationship between ambient temperature and EER can be expressed 
as:
3.3.0.2 Electricity consumption of the water pump
The electricity consumed by the water pump of the system can be expressed as:
3.3.0.3 Coal consumption of the coal-based system
The coal consumed by a coal-powered system can be given as:
Where  is the calorific value generated by anthracite coal, which is 8 kWh/kg [35];  is the consumed 
anthracite coal by a coal-based heating system, kg;  is the heating efficiency, which is 75% in the simulation 
[36].
3.4 Economic analysis of the systems
(31)
Fig. 7
The EER of the VI-ASHP in cooling.
(32)
(33)
The initial capital cost of the novel solar-assisted VI-ASHP space heating system includes the individual cost of 
all the system components. A mark up of 20% is adopted to allow for commercial profits. The basic equipment 
cost is mainly divided into five parts: the solar thermal panel array; PV panels; heat storage and exchange unit; 
VI-ASHP and all other miscellaneous costs, which include additional equipment such as pipes and pipe fittings, 
water pump, grid inverter and installation cost. Consequently, the initial capital cost can be expressed as:
The other cost  is assumed to be 10% of the equipment cost, and is expressed as[37]:
The equivalent payback period (PP) of this novel solar-assisted VI-ASHP system to replace a conventional coal-
based system can be expressed as[37]:
Where  and  are operational and maintenance costs of the novel system.
To support the installation of a renewable energy system it may be possible to receive grants through the 
government’s renewable policy. For example, the Renewable Heat Incentive (RHI) scheme is intended to 
encourage the uptake of renewable heating technologies within households, communities and businesses through 
the provision of financial incentives. Whilst there is currently no financial incentive for solar thermal energy, the 
current feed-in tariff price for photovoltaic electricity is ‘¥0.75/kWh’ for Shanxi[38]. As a result, the ultimate 
operational cost of such a system equals the basic operational cost including the operational cost by the VI-
ASHP and water pumps minus the total earning of the generated electricity, which can be expressed by
The maintenance cost of the three systems is normally estimated at 2% of the initial system cost[39]. As a solar-
based system is usually considered to have a lifespan of 25 years[40], the life-cycle net cost saving, , of this 






Four kinds of air contaminations, CO
2




, are taken into consideration in this paper 
and the quantity can be expressed as:
Where  is the mass of air contaminations generated by the coal-based heating system, kg; and  is the 
mass of air contaminations generated by per unit anthracite coal separately, kg/kg.
4 Case study model
In this section, a rural house located in Taiyuan City, Shanxi Province in northern China (37.52°N, 111.15°E) is 
selected as a case study. The system provides space heating, cooling, and domestic hot water flexibly. The 
served house has an area of 100 m2, a length of 14 m, a width of 7 m and a height of 4 m. The front façade of 
the house faces south. The schematic of the served house is shown in Fig. 8, and the heat transfer coefficients of 
the building envelopes are listed in Table 2. The thermal properties of the building components are the same as 





The floor plan and corresponding dimensions of the served house.
Table 2
The table layout displayed in this section is not how it will appear in the final version. The representation below is 
The hourly dry-bulb ambient temperature and the solar radiation variation for a whole year in Taiyuan city are 
shown in Fig. 9 and Fig. 10 separately. The ambient dry-bulb temperature varies from −15 °C to 35 °C. The 
highest ambient dry-bulb temperature reaches 35  °C on the initial days of July, and the lowest ambient 
temperature reaches −15 °C during January.
The heat transfer coefficients of the building envelope.
Part Structure K [W/(m
2·°C)]
Wall 370 mm brick wall Plastering + 50 mm extruded polystyrene board 0.47
External doors Pinewood door 2.9
Window 3 mm common glass aluminium alloy window frame (two layers) 1.54
Roof Cement mortar + Insulation layer + Waterproof layer + Tile. 0.37
i
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
Fig. 9
The hourly ambient dry-bulb temperature variation along a year.
Fig. 10
The hourly solar radiation variation is similar to the trend of ambient temperature which is shown in Fig. 10. 
During the summer months, from May to August, the highest solar radiation can reach 900  W/m2 to 




According to the local weather conditions, the daily collected solar heat, daily heating load during winter and 
daily cooling load during summer can be simulated as shown in Fig. 11. During the heating season in winter, the 
heat load often surpasses the collected heat due to the low solar radiation and ambient temperature. More panels 
can be employed to increase the solar heat gain; however, the roof area and cost limit this option. During some 
periods from the 1st of April to the 15th of May and from the 1st of September to the 10th of October, both 
cooling and heating are required in a single day. Nonetheless, owing to the flexibility of the proposed system, it 
can perfectly fit the polytropic and complicated thermal environment, and maintain the room temperature at a 
relatively stable range, i.e. 16 °C to 24 °C.
The hourly solar radiation variation along a year.
Fig. 11
Table 3 shows the monthly collected heat, heating load and cooling load summarized from Fig. 11. The annual 
space heating load and the collected heat of the system are 17538kWh and 17770kWh separately. From January 
to April, and October to December, the heat load is higher than the collected heat, the highest monthly heat 
deficit peaks at 3465.3kWh in January and the total heat deficit is 12010.6kWh for the winter months. From 
May to September, the collected heat is higher than the heat load and most solar heat can be used to generate 
domestic hot water, which is a good advantage of the system. Due to the spare heat from May to September, the 
system can provide a total of 274.5 tons of domestic hot water, which can save 12262.6kWh of energy. The 
annual cooling load of the house is 2311kWh.
Daily variations of the solar energy collection, heating and cooling load along a year.
Table 3
Monthly heating and cooling load and heat deficit.
Month Jan Feb Mar Apr May Jun
Cooling Load (kWh) 0 0 0 43.89 263.6 495.57
Heating Load (kWh) 4161.98 3055.84 2028.57 736.25 19.03 0
Heat Deficit (kWh) 3465.31 2098.64 785.32 198.63 0 0
Month Jul Aug Sep Oct Nov Dec
Cooling Load (kWh) 798.45 480.54 190.37 38.16 0 0
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
Given the ambient temperature, the daily average COP in winter and EER in summer of VI-ASHP are shown in 
Fig. 12. The results show that the EER of the VI-ASHP is higher than the COP, indicating that the electricity 
consumption for winter heating will be higher than that for summer cooling at the same load. Considering the 
heating load is significantly higher than the cooling load, the device selection of VI-ASHP in temperate 
continental monsoon climate areas, such as Taiyuan city, should put heating performance a priority. Moreover, 
the shaded area in Fig.21 shows that the VI-ASHP needs to supply heating and cooling during a single day to 
keep a high level of indoor thermal comfort.
5.2 Electrical performance
5.2.1 Electricity consumption of the system
The heat deficit can be calculated by the difference between the heating load and heat collection. In addition, as 
shown in Fig. 13, the daily electricity consumption of the system can be obtained based on heat deficit in winter, 
cooling load in summer, COP and EER of the VI-ASHP. Obviously, the electricity consumption of heating 
during the winter is much higher than that of cooling during the summer. The daily electricity consumption for 
heating peaks at 74kWh in December, while the highest electricity consumption for cooling is just 8kWh in July.
Heating Load (kWh) 0 0 53.56 1224.82 2525.56 3732.83
Heat Deficit (kWh) 0 0 0 552.12 1721.72 3142.04
Fig. 12
The daily COP and EER variations of the VI-ASHP over a whole year.
Fig. 13
As shown in Table 4, the electricity consumed for winter heating is a totally 4394.6kWh and the electricity 
consumed for summer cooling is a totally 355.2kWh. This gives an annual total electricity consumption by the 
VI-ASHP of 4749.8kWh. The power of a water pump is 400 W. According to the operation time of the system, 
the pump power can be determined, as shown in Table 5. The total electricity consumption for the pump is 
1290.4kWh. According to the above analysis, the total annual electricity consumption of the system is 
6040.2kWh.
The daily electricity consumption for the VI-ASHP over a year.
Table 4
Monthly electricity consumption of the heat pump.
Month Jan Feb Mar Apr May Jun
Electricity Consumption (Heating) (kWh) 1385.9 768.81 251.14 54.25 0 0
Electricity Consumption (Cooling) (kWh) 0 0 0 3.84 24.09 48.11
Month Jul Aug Sep Oct Nov Dec
Electricity Consumption (Heating) (kWh) 0 0 0.17 168.79 571.19 1194.32
Electricity Consumption (Cooling) (kWh) 81.72 46.92 17.50 3.15 0 0
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
5.2.2 Electricity generation of the system
There are four photovoltaic panels, and each has an aperture area of 2 m2. The electricity generation per square 
meter every month is shown in Table 6, which is 216.2  kWh/m2 annually. Hence, the total photovoltaic 
electricity production is 1729.6kWh. The feed-in tariff in Shanxi is 0.75RMB/kWh, which means that the served 
house can earn a total of 1297.2RMB per year by transferring the generated electricity into the power grid.
Table 5
Monthly operation time of the water pump.
Month Jan Feb Mar Apr May Jun
Monthly Water Pump Operation Time (h) 219 229 269 285 352 317
Month Jul Aug Sep Oct Nov Dec
Monthly Water Pump Operation Time (h) 311 302 267 246 219 210
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
Table 6
Electricity generated monthly per square meter of PV panel.
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According to the monthly electricity price as displayed in Table 7, the annually earned money from PV panels in 
the system can buy 1633kWh of electricity from the grid. The monthly electricity consumption and the 
corresponding cost of the whole system are shown in Table 8. The electricity cost in January and December is 
remarkably higher than that in other months, since the low ambient temperature is accompanied by a high heat 
load for the building. The total annual electricity cost for the system is 3886RMB. Taking into account the 
earned 1297.2RMB, the annual operational cost of the system is 2589RMB for space heating, cooling and hot 
water supply. Overall, the photovoltaic profit provides 27% of the total operation cost, thereby making the 
system more economic and considerably decreasing fossil fuel consumption.
5.3 Energy proportions of the system
(kWh)
Table 7
The electricity utility price.
Utility price (RMB/kWh) [41]
X ≤ 170 kWh 171 < X ≤ 260 kWh X > 260 kWh
0.477 0.527 0.777
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
Table 8
Monthly system electricity consumption and cost.
Month Jan Feb Mar Apr May Jun
Electricity Consumption (kWh) 1473.51 860.41 358.74 174.17 178.30 202.64
Electricity Cost (RMB) 1071.41 595.04 205.24 76.89 78.65 98.29
Month Jul Aug Sep Oct Nov Dec
Electricity Consumption (kWh) 254.33 194.83 134.23 271.95 658.79 1278.33
Electricity Cost (RMB) 125.53 80.00 59.29 137.81 438.38 919.76
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
The energy proportions of the system in terms of all energy sources are shown in Table 9, based on the total 
annual solar thermal energy output and electrical consumption of the system. It is shown that to support the space 
heating of the simulated house, the energy volumes provided by solar thermal energy, photovoltaic energy and 
electricity from the power grid are 74.6%, 6.9%, and 18.5% respectively. Hence, the energy supply proportion is 
about 81.5% from solar energy, and thus the primary energy source of the system mainly is solar energy.
5.4 Economic performance
5.4.1 The capital cost of the system
Because the case study is set under the weather conditions in northern China, the economic analysis in this paper 
is based on the Chinese market. The initial capital cost of the proposed system is 30290RMB, and a cost 
breakdown is shown in Table 10. Furthermore, the cost details of the components are presented in Fig. 14. The 
VI-ASHP is the most expensive component of the system, accounting for nearly 34% of the total cost. 
Compared with the solar assisted VI-ASHP system, the coal-based a heating system has a lower initial capital 
cost of 10400RMB.
Table 9
Annual energy usage breakdowns of the system.
Energy Breakdown Value (kWh) Radio (%)
Solar Thermal Energy 17,770 74.6
Photovoltaic Electricity 1633 6.9
Electricity 4407 18.5
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
Table 10
Initial capital cost of the systems.
Solar assisted VI-ASHP system
No. Component Quantity/Size Unit Price (RMB) Cost (RMB)
1 PV panels 4 1000 4000
2 Solar thermal panels 8 787.5 6300
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
5.4.2 Operational cost, life-cycle and cost payback period compared to the conventional 
heating system
As discussed above the heat deficit during the space heating season is 12010.6kWh and the collected solar 
thermal energy is 17770kWh. This means that the system needs a total heat of 29780.6kWh annually to provide 
space heating and domestic hot water.
The annual maintenance cost of a solar heating system is normally estimated at 2% of the initial system cost, and 
the annual operating cost of these systems can be estimated as shown in Table 11. Compared with the coal-
driven system, this novel system has a cost payback period of 6.52 years and a life-cycle net cost saving of 
nearly 56328.4RMB in Shanxi. The results show the superior economic performance of the novel solar-powered 
system.
3 Heat storage and exchange unit 1 5000 5000
4 VI-ASHP 1 8000 8000
Additional cost 10%
Additional profit 20%
Initial capital cost (RMB) 30,290
Coal-driven system
No. Component Quantity/Size Unit Price (RMB) Cost (RMB)
1 Coal boiler 1 8000 8000
Additional cost 10%
Additional profit 20%
Initial capital cost (RMB) 10,400
Fig. 14
Cost details of the different system components.
Table 11
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
5.5 Environmental performance
5.5.1 Annual fossil fuel saving and carbon emission reduction
Coal is the most common energy source used for conventional heating systems in northern China, with a typical 
efficiency of 75% for a domestic heating system. The heat generated by burning 1 kg of anthracite coal is 8kWh, 
which means the annual fossil fuel requirement for a standard Chinese northern rural house will be 4963.4 kg. 
This amount of coal can be avoided by using the proposed solar energy system.
As a result of the combustion of fossil fuel, harmful dust and other pollutants will be diffused into the air and 
cause severe pollution and global warming. The air contaminants generated from the combustion of 1 kg of 
anthracite coal are shown in Table 12, and the annual contaminants for a standard Chinese northern rural house 
are shown in Table 13.
Annual operating costs, cost payback period and Life-cycle cost saving.
Solar assisted VI-ASHP system operational performance
The heat produced by solar thermal panel array (kWh/yr.) 17,770
The energy required from VI-ASHP (kWh/yr.) 11,687
Total electricity output from the PV module (kWh/yr.) 1729.6
Electricity consumed by VI-ASHP (kWh/yr.) 4750
Electricity consumed by the water pump (kWh/yr.) 1290.4
Operational cost (RMB/yr.) 2589
Maintenance fee (RMB/yr.) 717.6
Coal-based system (efficiency 75%)
Coal price (Anthracite Coal) (¥/kWh)[42] 0.152
Capital cost (RMB) 10,400
Required coal energy (kWh/yr.) 39707.4
Operational cost (RMB/yr.) 6035.5
Maintenance fee (RMB /yr.) 208
Payback period of the solar-powered space heating system (yr.) 6.52
Life-cycle cost-saving (RMB) 56328.4
Per m
2





i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
The reduction of contaminants by the solar assisted VI-ASHP system is highlighted in Table 14, on the 
assumption that 100 sets of the systems (e.g., to meet the demand of a village) are used. The reductions of fossil 
fuel consumption and pollutants are significant. In one year, the solar-based energy system could save 496.3tons 
of coal. During the 25-year life span of the systems, the total carbon emission savings could reach 30276.7tons 
compared with the coal-based system. Furthermore, the system diminishes the emission of a lot of other harmful 




, and therefore is a desirable approach to the environment sustainability.
The contaminants generated by per unit anthracite coal [43]
Per unit fossil fuel Harmful dust CO2 SO2 NOx
Anthracite Coal /kg 0.0068 kg 2.57 kg 0.02 kg 0.004 kg
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
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Table 14
fossil fuel saving and air pollutant reduction.
Contaminants 2018 25 years total
Solar-based system compared with coal-based system Mass (tons) 496.3 12407.5
Harmful dust (tons) 3.4 84.4
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
6 System demonstration and experimental validation
6.1 Mini-channel multiple-throughout-flowing solar array
A demonstration project of the mini-channel solar-assisted air source heat pump system, which is similar to the 
proposed system, has been installed in a rural village of Shanxi province, as shown in Fig. 15[44]. The technical 
parameters of the demonstrative system are shown in Table 15. The mini-channel solar thermal panels are 
connected in a multiple-throughout-flowing loop as mentioned in the simulation of the proposed system. In 
addition, there are two solar panel arrays containing 10 and 8 panels respectively. The systems can greatly 
increase the thermal comfort in rural houses and significantly decrease fossil fuel consumption and 
environmental contaminations.
CO2  (tons) 1211 30276.7
SO2  (tons) 37.2 930.6
NOx  (tons) 18.6 465.3
Fig. 15
The demonstration of the solar energy systems installed at the demonstration site.
Table 15
Technical parameters of the system.
Component Size Number
Mini-channel solar thermal panels 1 m*2m 18
Photovoltaic panels 1 m*2m 4
Heat exchange and storage water tank 1.5 t 1
Air source heat pump (Nominal heat supply capacity: 12 kW) 1.2 m*0.5 m*1m 1
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
The experimental data from this demonstrative project can verify the model for the simulation of the performance 
of the mini-channel solar panel array. The experimental and simulated results are compared in Fig. 16 and Fig. 
17. The tests were conducted on the 24th of Dec 2016. The experimental and simulative results for solar thermal 
efficiency and heat generation are in good agreement, within 10% deviation, which validates the proposed 
model.
6.2 VI-ASHPxxx
To validate the mathematical model of the VI-ASHP, indoor experimental tests were conducted in a heat pump 
test room at Five-star Solar Energy Co. Ltd. The test room contains four key components: (1) an insulated room 
where the tested heat pump can be placed, as shown in Fig. 18(a); (2) an electrical power source for the whole 
Fig. 16
The experimental and simulative solar efficiency of the solar thermal panel arrays.
Fig. 17
The experimental and simulative heat generation of the solar thermal panel arrays.
system, as shown in Fig. 18(b) to provide power to the heat pump, testing room cooling devices, water pumps, 
control device and data collecting device; (3) an environment control device as shown in Fig. 18(c) which can 
collect timely temperature and humidity data from the testing room and maintain the parameters at the desired 
level, and the error of the controlled temperature is about within 1.5 °C; and (4) a data-collecting device as 
shown in Fig. 18(d) which can collect experimental data from the pre-positioned sensors, and thus calculate the 
heat pump performance, i.e. heat generation, electricity consumption, COP, and EER.
The experimental set up for our VI-ASHP is shown in Fig. 19, whilst the technical parameters are shown in 
Table 16.
Fig. 18
The experimental equipment of VI-ASHP (a) insulated heat pump testing room; (b) electricity power source; (c) environment 
control devices; (d) data collection devices.
Fig. 19
The experiment of VI-ASHP.
Table 16
Technical parameters of the VI-ASHP.
Model DKRS-20 Refrigerant R410A
Nominal heating power (kW) 39 Nominal power input (Heating, kW) 16.18
Nominal cooling power (kW) 48 Nominal power input (Cooling, kW) 17.9
Max current (A) 50 Max power (kW) 27
Working temperature (°C) −20–43 Rated voltage (V) 380
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
The performance of the demonstrative VI-ASHP system can be simulated by using the model developed in this 
paper. Comparing the experimental data of the demonstrative VI-ASHP system under −11.5 °C, the simulation 
results are in close agreement with the experimental results, with the deviation between results of less than 6.2% 
as shown in Table 17. The results fully illustrate the validity of our proposed model. VI-ASHP demonstration 
systems have also been built in northern China, which are shown in Fig. 20.
7 Conclusion
This paper proposed a dedicated economic and environmental performance study of a novel low carbon solar-
assisted vapour injection air source heat pump (VI-ASHP) system for space heating, cooling and domestic hot 
water system in cold regions. The simulation is conducted based on the weather conditions of Taiyuan, Shanxi, 
northern China, as this city uses coal as the main energy source to supply space heating. Consequently, the city 
suffers from severe air pollution and desperately needs to use renewable energy to improve the life quality and 
environment for local residents. The simulation results involve the prediction of fossil fuel energy savings, cost 
payback period on investment and life cycle carbon emission reduction of the novel system, compared to 
conventional coal-based heating systems.
Table 17
Comparison between experimental and simulative performance of VI-ASHP.
Ambient temperature (°C) −11.46 −11.48 −11.47 −11.46 −11.45 −11.46 −11.45
Power input (kW) 13.26 13.24 13.20 13.19 13.17 13.19 13.16
Heat generation (kW) 28.24 28.46 28.51 28.356 28.32 28.22 28.29
COP (Experiment) 2.13 2.15 2.16 2.15 2.15 2.14 2.15
COP (Simulation) 2.17 2.17 2.17 2.17 2.17 2.17 2.17
Deviation (%) 5.1 5.7 6.2 5.7 5.8 5.2 5.8
i The table layout displayed in this section is not how it will appear in the final version. The representation below is 
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 
the Proof.
Fig. 20
The demonstration project of VI-ASHP installed.
The mini-channel solar thermal panel array of 36  m2 and VI-ASHP of 40  kW have been successfully 
demonstrated. Experiments have been conducted and the results validate the mathematical models established in 
this paper. According to the analysis, the relative deviation between the established models and the experimental 
data is within 10%, thus giving high accuracy.
The energy performances of the proposed solar-assisted VI-ASHP system and the served house are simulated 
and the results indicate that the heating load and cooling load for the 100 m2 served house are 17538kWh and 
2311kWh respectively. The heat generated from the solar thermal panel array is 17770kWh. To overcome this 
heat deficit, the VI-ASHP as a heating device is needed, which has an average COP of 3 and consumes 
4394.6kWh of electricity during operation. The average EER of the heat pump for cooling is 6.4 whilst the 
annual electricity consumption for cooling is 355.2kWh. The electricity consumed by the water pumps of the 
system is 1290.4kWh. Hence, the annual total electricity consumption of the system is 6040.2kWh in total. The 
PV model can produce 216.2 kWh/m2 annually. With 4 × 2 m2 PV panels, the yearly electricity generation by 
solar energy is 1729.6kWh. According to the feed-in tariff of 0.75RMB/kWh in Shanxi, the served house can 
earn 1297.2RMB per year by transferring the generated electricity to the power grid. Equally, with this amount 
of earned money, the PV module can provide 1633kWh electricity to the system. The energy contribution by 
solar thermal energy, photovoltaic energy and electricity from the power grid is 74.6%, 6.9% and 18.5% 
respectively.
In regard to the economic performance, the initial capital cost of the novel solar heat pump system is 
30290RMB, in which the most expensive component is the VI-ASHP accounting for nearly 34% of the total 
cost. Due to lower operational costs compared with the conventional coal-based system, the novel system has a 
cost payback period of around 6.52 years and a life-cycle net cost saving of nearly 56328.4RMB in Shanxi, 
thereby indicating the system is economically viable.
The proposed system is also environmentally friendly. While a conventional coal-based system for a standard 
rural house in northern China may use 5tons of anthracite coal each year and generate 33.7 kg of harmful dust, 
12.1tons of CO
2
, 372.2 kg of SO
2
 and 186.1 kg of NO
x
, the solar-assisted VI-ASHP system can operate 
without contaminant emission and save the above amount of anthracite coal by employing solar and electrical 
energy. Based on the performance of the demonstration system, it is anticipated that a village of 100 sets of 
installed capacity will save 496.3tons of coal per year. During the 25-year life span, the total carbon emission 
reduction is 30276.7tons.
In summary, the novel solar-assisted VI-ASHP system can significantly improve energy efficiency and reduce 
the energy consumption for space heating, cooling, and hot water supply. It is a promising approach to near-zero 
carbon emission from buildings. Although the system is demonstrated in northern China, it is expected to be 
applicable in other cold regions of the world.
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• First time that mini-channel panels are combined with vapor injection heat pump.
• Both heating and cooling performances throughout the year are estimated.
• Technology demonstration with panels of 36 m
2
 and heat pump of 40 kW has been done.
• The payback time of the novel system is about 6.52 years.
• The annual carbon emission is reduced by 12.1tons for a rural house in northern China.
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